Digital holographic microscopy (DHM) is a powerful in-vitro biological imaging tool. In this paper, we report a fully automated off-axis digital holographic microscopy system completed with a graphical user interface in the Matlab © environment. The interface primarily includes Fourier domain processing, phase reconstruction, aberration compensation and autofocusing. A variety of imaging operations such as region of interest selection, de-noising mode (filtering and averaging), low frame rate imaging for immediate reconstruction and high frame rate imaging routine (~ 27 fps) are implemented to facilitate ease of use.
INTRODUCTION
Biological systems are dynamic and microscopic changes can adversely affect overall outcome of tissue formation. Apart from observing the spatial organization of biological systems, understanding their spatiotemporal relationships becomes significant when measuring irregular cellular behaviors. Non-invasive light microscopy techniques provide biologist the ability to study living cell activities. The most common approach for studying dynamic cellular events are phase contrast and wide field fluorescence microscopy. Both provide qualitative measurements of cells and not quantitative. Digital holographic microscopy (DHM) is used as a powerful quantitative volumetric imaging tool for cell study that measures cell mass, structural details. Most importantly, in time-lapse experiments, DHM can actively compensate for focus drift to achieve high resolution live cell imaging at ease. A series of numerical computations are often required for DHM imaging. These post-processing procedures includes Fourier spatial filtering, phase unwrapping, aberration compensation and digital refocusing. Apart from dealing with large number of numerical operation, each processing procedures are required to be adjusted to each captured hologram.
Multiple time-lapse imaging technique requires that each image to be acquired with minimal distortion as well as taking care of large dataset or large field of view over multiple time points is in urgent need. Digital holographic microscopy (DHM) [1] has emerged into a powerful biological imaging tool among a wide range of biological applications because of its ability to access quantitative phase information that is not possible with conventional phase microscopy. By retrieving phase from weakly scattering biological cells [2] , it becomes possible to track movement of single cell [3, 4] , studying the cellular morphology and biomechanics [5] [6] [7] .
Off axis DHM retrieves both the intensity and phase images by way of a Fourier spatial filtering process. The filter window needs to be carefully designed according to the image in Fourier domain [8] . In practice, the reconstructed images quality from fixed round or rectangle filter windows does not automatically ascertain the necessary spatial frequency. While there are some commercial post-analysis softwares for DHM in the market, which are powerful but typically are costly (>USD $15k). Most of commercial software only allows users to choose or draw the filter window for the better reconstructions and analysis. However, when processing a batch of frames, for example a video of holograms, the distribution of desired frequency information changes along with the holograms change. So the precustomized filter window may not suitable for dynamic holograms processing. Also, the requirement of some manual input for these post-processing needs user to known filtering process. As such, it is not straightforward for nonspecialists to conduct imaging on dynamic samples simultaneously. This paper provides a software framework for developing of a software suite for automated digital holographic that can be applicable to long term live cell imaging. Here we integrate all the post-processing into a standard processing flow to and program them into a MATLAB environment with a user friendly graphical user interface (GUI). Our program provides two imaging mode. In the first mode, a real time reconstruction in a low frame rate is achieved for live previewing of the imaging sample. In the second .
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Input window
Display mode, the processing occurs in the background using pre-recorded hologram video. In both modes, the holograms are processed using an automated spatial frequency domain selection process. The program minimizes human operation in imaging processing, which equips DHM system to be more widely available. Using angular spectrum algorithms, we can also numerically propagate the wave-front to perform digital refocusing to ensure that the samples are well focused. Overall, our system seeks to avoid any manual invention [9] .
SYSTEM OVERVIEW
The hardware consists of an off-axis holographic microscopy (DHM) with a digital camera connected to a computer (Intel(R) Core™ i3-3220 CPU @ 3.30GHz, 8.00GB installed RAM, 64-bit operating system) with MATLAB installed. The camera used in our system is a charge coupled device (CCD) Retiga-2000R Fast 1394 Color Cooled camera, which has a compatible driver for MATLAB. We use an off-axis configuration for DHM setup [10] . The path length difference between the object path and reference path can be numerically compensated. The software is divided into three parts which are camera control, imaging processing and GUI. Through the GUI, settings for CCD camera and parameters for imaging processing are chosen. The holograms recorded by the camera, intermediate images and final phase reconstructions are displayed on the GUI. 
CAMERA CONTROL
The software module that controls the CCD camera is the bridge between camera and the user. First, the exposure time and gain setting are pre-loaded form GUI. With this setting, the hologram recorded from camera is previewed in the GUI once the user click the preview button. Based on the previewed hologram, the user can define the region of interest of it to execute the following imaging process. There are two modes of data taking. User can choose single frame or video taking by using two tags in the GUI. For single frame of hologram taking, the program will set 1 frame per trigger and the trigger signal comes from the grab button in the GUI. Then the hologram is loaded to the workspace for the followed imaging processing. When the all the imaging processes are finished, the trigger signal will be automatically sent to CCD again to grab next frame as long as the user click the stop button to exit the loop. This mode allows user have slack view of phase reconstruction of the sample, which help to define the region of interest of the experiment sample observation and take a view of roughly dynamic trends of the sample. The second mode is time lapse imaging mode. In this mode, the program will set infinite frame (or customized number of frames) per trigger and trigger signal also comes from grab button. The CCD camera will record the video of hologram until the user clicks the stop button (or until the fame number reaches the customized number). For single hologram, the data from CCD is loaded to the workspace in a form of bi-dimensional matrix, in which each element represents the brightness of each pixel of the CCD. For video taking mode, the data from CCD is loaded as a form of 3 dimensional matrix which can be seen as a stack of holograms and will be processed frame by frame (one bi-dimensional matrix at a time).
IMAGING PROCESSING
Firstly CCD camera is controlled to record the holograms and load into MATLAB workspace in the form of bidimensional real number matrix, which is the Hologram ( , ) H x y in data block in figure 2. The x and y are the spatial coordinates. After fast Fourier transformed, the hologram is transformed into a complex number matrix ( , ) S η ξ which is the spectrum. The η and ξ are the coordinates in frequency domain. ( ) ( ) 
The final step is to numerically propagate the wave front over a small distance continuously until the wave front achieves the focus plane detection criteria [9] . Then the phase and the amplitude of the wave front can be displayed.
There is a study showing that data from digitally focused image was more accurate than the one from hand focused image [14] . Also in order to make the system more automatic and less human operation required, autofocus function is added to the program. The reconstructed wave is numerically calculated based on convolution formulation after propagating along a distance d [15] . In Eq. (7) λ is the laser wavelength, d represents the propagation distance. In DHM system, most of the samples are pure phase objects such as biological cells. Therefore, samples introduce slight amplitude change due to weak optical absorption. So the standard deviation of the amplitude matrix of the wave is calculated to evaluate the degree of focus, which should dwindle while the wave front is propagating towards the focal plane. Therefore, the program is aimed to speedily find the focal plane within the defocus tolerance which is set as 0.4 mm. Instead of scanning a long range towards optical axis by a distance of defocus tolerance, the program is designed to gradually narrow the range after roughly locating the near focal plane, which saves the running time. 
Spatial filtering
In physics, the spectrum contains three evident orders (+1, -1 and zero order). In mathematics, the grayscale image of the module of spectrum draws the three evident orders as three bright regions. The mission here is to spatial filter out only one region (+1 or -1 order) from the grayscale image [13] . The zero order occupies the centre of the image and the +1, -1 orders are symmetrically distributed over the spectrum. The complexity of spatial filtering arises from the uncertainty of the three regions' distribution. The size, spacing and the outlines are all changeable according to different holograms [10] . It means that different samples and imaging conditions give different frequency components distributions of the modulus matrixs. This implies that the frequency component needs to be carefully selected for accurate reconstruction. So the program is supposed to provide a uniform process to deal with all holograms. Therefore, a region recognition based iterative threshold [10] is provided to create the filter window to filter out the desired frequency order.
Digital focus
In DHM system, most of the thin samples possess weak absorption, giving the intensity image very little variance. Therefore, the standard deviation of the intensity image (amplitude matrix of the wave) is calculated to evaluate the degree of defocus, which should dwindle while the wave front is propagating towards the focal plane and increase while the wave front is propagating away from the focal plane. The program is aimed to rapidly locate the focal plane within the defocus tolerance which is set as 0.4mm, where the differences ( ±0.02%) of deviations is neglect. Instead of scanning a long range towards optical axis by a distance of defocus tolerance, the program is designed to gradually narrow the range after roughly locating the near focal plane, which saves the running time. Figure 3 gives the results of digital focus function. 
GRAPHICAL USER INTERFACE
The program is called from the command window in MATLAB© (Math Works Inc.). A graphical user interface is presented to user with two modes provided. Figure 4 (a) shows the low frame imaging mode, which conducts reconstruction after taking single frame of hologram and then takes next frame as a loop. 
